We note that massless fields within the future and past light cone may be quantized as independent systems. We show that the vacuum is an entangled state of these systems, exactly mirroring the known entanglement between the spacelike separated Rindler wedges. We describe a detector which exhibits a thermal response to the vacuum when switched on at t = 0. The feasibility of experimentally detecting this effect is discussed.
is expressed through the vanishing of the Pauli-Jordan function, i∆(x − y) = [φ(x),φ † (y)] for spacelike intervals. This general feature holds for both massive and massless fields.
In the case of massless fields, however, the PauliJordan function ∆(x − y) vanishes for all but lightlike intervals, (x − y) 2 = 0 [5] . In particular, it vanishes for timelike intervals. This will allow us to employ known quantization techniques in both F and P, and to regard the fields there as independent systems.
Coordinates: We now break spacetime into four quadrants, F P R and L, and introduce four coordinate systems valid in each quadrant. These will then be related to the light cone coordinates which are valid over all spacetime.
In F, we adopt the following coordinates η and ζ: t = a −1 e aη cosh(aζ) z = a −1 e aη sinh(aζ).
In P, we will use the coordinatesη andζ: t = −a −1 e aη cosh(aζ) z = −a −1 e aη sinh(aζ).
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These are to be compared with the usual Rindler coordinates τ and , in R:
−1 e a sinh(aτ ) z = a −1 e a cosh(aτ ).
As well asτ and¯ , in L: t = −a −1 e a¯ sinh(aτ ) z = −a −1 e a¯ cosh(aτ ).
In each of these coordinate systems the metric is conformal to the Minkowski metric, and owing to the conformal invariance of the massless wave equation, the same equation holds separately in the four coordinate systems and their respective quadrants, namely:
We now introduce the light-cone coordinates, valid throughout all spacetime:
and their analogs in the above four coordinate systems:
These are related in the following way:
Field expansion, Bogoliubov transformations, and entanglement: Using the light-cone coordinates, the field may be expanded in plane waves:
Since allâ 1 's commute with allâ 2 's (corresponding to left and right moving modes, respectively), we make a common simplification, and treat only the left moving sector of the field,
, with the understanding that analogous results hold for the right moving sectorΦ(U ) as well.
We can similarly expandΦ(V ) in terms of the following sets of functions, in their respective quadrants. The Rindler modes:
and their analogs in the future and past:
We now note that g F ω (ν) is in fact the same solution as g R ω (χ), extended from R into F -a fact pointed out by Gerlach [3, 6] in the more general context of massive fields. This can be seen by expanding these functions in terms of plane waves:
Now note that g R ω (χ) and g 
Thus, the well-known relations between Bogoliubov coefficients in R and L are duplicated in F and P. In particular, solving 1-2 (and the analogous P and L relations) leads to Bogoliubov coefficients which satisfy the relations, β
ωk . From this point forward, the demonstration of future/past entanglement of the Minkowski vacuum is exactly the same as the standard demonstration of right/left entanglement, with a change of labels R → F and L → P . We review the basic argument, and refer the reader to Crispino, Higuchi, and Matsas [3] for detail.
Using the above Bogoliubov relations, the following pure-positive frequency modes can be defined:
. When the field is expanded in terms of these functions, the annihilation operators for the G andḠ quanta can readily be seen to be (â 
which in turn imply the following:
Define the vacuum |0 T (which is the Rindler vacuum, but defined for our purposes within the future and past light cone, F-P) to satisfyâ F ω |0 T =â P ω |0 T = 0. Using the approximation that there are a discrete set of modes labeled by ω i , the relations 3-5 imply that the Minkowski vacuum restricted to F-P may then be expressible in the following form:
which is clearly entangled. Also mirroring the Rindler case, the state of the future (or the past) alone is a "thermal" state of the g ω -modes, where ω is a frequency with respect to the conformal time coordinate η.
where
The above result suggests that, in analogy with the Unruh effect, an inertial detector switched on at t = 0 and sensitive to frequency E with respect to conformal time η should register a thermal response. This can indeed be seen to be the case, by similar reasoning.
The Schrödinger equation in the conformal time η along a motionless trajectory takes the following form: i ∂ ∂η Ψ = ∂t ∂η HΨ = atHΨ. To use perturbation theory in η, we take the Hamiltonian to be H = H 0 /at+H I , where H I is the standard interaction term for an Unruh-DeWitt detector, namely αmφ. The time scaling of the H 0 term means the detector will have a constant η-frequency gap, E. Converting to η, the Schrödinger equation reads:
The e aη factor in the interaction term means that perturbation theory will eventually break down, as the energy levels of the detector are moved closer together with time -eventually the coupling to the field will dominate this small energy gap. Here, we will assume that the coupling constant α and choice of parameter a have been made small enough so that perturbation theory remains valid over times that are large compared to any other relevant timescale appearing in the problem, and interpret infinite integrals over η as integrals to "arbitrarily large η within this approximation."
In the Heisenberg picture in η, the detector's monopole moment operator evolves likem(η) = e iH0ηm e −iH0η , while the field operator transforms as a scalar under the change t → η, so thatφ(η) =φ(t(η)). The detector response function can thus be calculated in the standard way, giving:
This differs from the usual form only in the presence of the e a(η+η ) factor in the integrand, and the fact that the limits of integration correspond to a detector turned on at t = 0. The usual regularized form of D + (x, x ) = 0 M |φ(x)φ(x )|0 M is given by [1] :
We now note that the functional form of e a(η+η ) D + (η, η ) for two points on the inertial trajectory t = a −1 e aη , z = 0 is identical to that of D + (τ, τ ) for two points on the accelerated trajectory t = a −1 sinh(aτ ), z = a −1 cosh(aτ ), up to a re-scaling of . This can be seen through a straightforward coordinate substitution, noting in particular for the inertial case that:
, and for the accelerated case:
.
By correspondence to the Unruh effect, this leads to a thermal response at "temperature" T =h a 2πk (note the lack of "c" compared to the Unruh case -more on this below). We thus conclude that an inertial, two-state Unruh-DeWitt detector, whose energy gap is continuously scaled as 1 at responds to the Minkowski vacuum in a manner identical to an accelerated detector with fixed proper-energy gap, as their response functions are identical.
Our results have previously been hinted at in the literature by Bunch, Christensen, and Fulling [1, 7] , who studied quantum field theory in the Milne universe (a cosmology consisting of only the future light cone) where a "thermal correspondence" was noted between two differently defined (but pure) vacua. More recently, Martinetti and Rovelli [4] have predicted that a time-dependent temperature, T = 1 2πt , should be encountered by an observer "born at t = 0," but no interpretation was given in terms of detectors. Recently, the response of an inertial Unruh-Dewitt detector (without frequency scaling) switched on abruptly at t = 0 was computed by Louko and Satz [8] , using techniques developed by Schlicht [9] -the response is not obviously thermal (and not identified as such by Louko and Satz). However, if a detector is designed to compensate for the changing temperature with a changing energy gap, then E T would become constant in time, and one should expect to see an effectively constant-temperature thermal response -exactly what we have shown here to be the case. We believe this is the natural interpretation of Martinetti and Rovelli's result, in terms of Unruh-DeWitt detectors. Further, our result reveals the source of thermalization via the F-P entanglement.
Feasibility of experimental detection: The original Unruh effect is notoriously difficult to observe, since the temperature is so tiny for commonly accessible values of the acceleration, a, namely T U =h We also require that the energy gap of the detector is scaled over a long enough period to allow thermalization. We imagine a detector which is scaled between times η 1 and η 2 , and we demand many oscillations at the constant η-frequency E of the detector, within the interaction time period. This requirement reads:
Expressed in ordinary t-times and frequencies (in whichĒ 1 is the initial t-frequency gap of the detector at t 1 , etc.), this reads:
Now, if t 1 is taken to be the characteristic timescale 1/Ē 1 , then thermalization requires t 2 2.7t 1 . In other words, the most basic dimensional analysis suggests that the effect could be visible on frequency scales in the vicinity of 100 gigahertz, scaled over a single order of magnitude.
Interpretation and conclusions: In contrast to earlier work [10] , we view entanglement across time in a standard way -a property of the state of a multicomponent system. In addition to implying measurement correlations, we also inherit some "inverted" causality considerations. For example, experiments performed in P and F may act at the same location in space, but the fields are causally independent at different times. The no-signaling theorem [11] thus directly prevents us from exploiting F-P entanglement to make a time machine.
Although the field is causally disconnected between F and P, measurements in P (for example, projections onto g ω -particle number) can collapse the state of the field in F (and vice versa). While all field disturbances propagate away from the source of the interaction at the speed of light, a kind of "entanglement residue" remains local, and allows for the prediction of the outcomes of future measurements at the same spatial location.
It was noted above that the entangled modes in F-P are the same mode solutions as the entangled Rindler modes in R-L. In other words, F-P entanglement is not merely analogous to R-L entanglement -it is precisely the same entanglement, viewed in a different region of spacetime. Recently, theoretical work has been focused on manipulating vacuum entanglement, by placing various devices in accelerated motion to interact with these modes [12] [13] [14] [15] [16] [17] -these are used to illustrate "exotic effects" which are in principle allowed by relativistic quantum field theory. We speculate here that due to the dimensional improvement and the lack of need for continuous acceleration, some of these effects may in fact become experimentally accessible, when converted to the equivalent interactions with the same modes in F-P.
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